The ability to process assemblies using thin film techniques in a scalable fashion would be a key to transmuting the assemblies into manufacturable devices. Here, we embed FePt nanoparticle assemblies into a silica thin film by sol-gel processing. Annealing the thin film composite at 650
Introduction
FePt and CoPt nanoparticles with the chemically ordered fct structure have been considered as building blocks for fabricating next-generation information storage media [1, 2] . The high magnetocrystalline anisotropy [3] [4] [5] of fct FePt and its high chemical stability helps decrease the size limit for the onset of superparamagnetism of nanoscopic magnetic bits. However, several challenges remain to be overcome in order to exploit nanostructures of these materials for practical applications. As-synthesized FePt nanoparticles typically have the chemically disordered face centered cubic (fcc) structure, which leads to low magnetic coercivity [6] . Obtaining control over the particle size [7] and dispersity [1] , and forming ordered arrays of nanoparticles with tunable coercivity, are a combination of attributes that are yet to be realized. Furthermore, the high temperature anneals between 400 and 650
• C necessary to transform the disordered fcc FePt phase to the fct phase not only disrupt the positional order of the nanoparticles in assemblies [8] , but also cause particle coalescence [7, 9] .
Several strategies have been explored to obviate particle coalescence upon annealing. Examples include decreasing the fct ordering temperature by impurity doping [10] [11] [12] , depositing SiO 2 film by PVD onto FePt nanoparticle films [13] , polymer templating [14, 15] and synthesis of core-shell nanoparticles [16] [17] [18] . However, success has been limited in preserving the overall positional order of the self-assembled FePt particle assemblies upon annealing to achieve chemical ordering and high coercivity.
For example, although there are several ways to protect the FePt nanoparticles from coalescence during annealing by forming FePt-silica core-shell nanoparticles [17] and NaCl mixing [19] , these ferromagnetic particles cannot easily form an assembly due to strong interparticle magnetic dipole interaction as observed in our experiments. This indicates that simply protecting the FePt particles instead of their assemblies during the annealing process still cannot achieve the recording media application purpose. In this case, embedding magnetic nanocrystals into inorganic matrices [20] is an attractive approach to make the nanoparticle assembly both thermally and mechanically stable apart from being amenable to thin film processing via sol-gel and spin-coating routes.
Here, we report the formation of assemblies of FePt nanoparticles embedded in silica thin films with controllable Fe:Pt ratio and nanoparticle loading. The FePt-silica thin films yield high coercivity H c ∼ 500 mT upon annealing at 650
• C due to partial fct phase formation without disrupting the positional order of the particles in the assembly. Such thermally stable FePt-silica thin film composites comprised of assembled high-coercivity magnetic nanoparticles could be further developed and improved for novel memory devices and magneto-composites. The FePt nanoparticles were synthesized by decomposing Fe(CO) 5 and Pt(acac) 2 by refluxing in phenyl ether in a flowing Ar ambient [1] as reported recently. The as-prepared FePt nanoparticles, passivated with oleic acid and oleyl amine, were rendered water soluble by coating the particles with a second surfactant layer of tetraoctylammonium bromide (CTAB) [20, 21] . Silica films were formed from tetraethyl orthosilicate (TEOS) by hydrolysis and condensation. We carried out hydrolysis in an acidic environment of pH ∼ 5 with a gelation speed similar to that observed at pH ∼ 2 [22] . We offset the Fe depletion during TEOS exposure by including an excess Fe precursor in our synthesis, and limiting the exposure time of FePt nanoparticles to hydrolyzed TEOS.
Experimental details
The FePt nanoparticles were incorporated into the hydrolyzed TEOS solution before spin coating at a speed of 1000 rpm to form the FePt-silica composite thin films.
Preparation of FePt in water solution
The FePt nanoparticles, capped by oleic acid and oleyl amine in chloroform solution, were synthesized using reported protocols, e.g. solvothermal [1] method or microemulsion method [17] . 1-octodecanethiol (50 mg, Aldrich) was added to the FePt nanoparticles (50 mg) in chloroform solution (1 ml, Aldrich) and sonicated for 10 min. Subsequently, the FePt solution was added into deionized water (3 ml) containing CTAB (45 mg, Aldrich) under vigorous stirring and heated at 60
• C to remove the chloroform solution, which results in the transfer of the hydrophobic FePt nanoparticles into deionized water by CTAB encapsulation [20, 26] .
Preparation of silica precursor
TEOS (1 g, Aldrich) was added to deionized water (6 ml) that has a pH = 5 adjusted by adding a small amount of HCl. The aqueous solution was heated at 50
• C for 4-5 h to hydrolyze the TEOS.
Preparation of FePt-silica superlattice film
The as-prepared aqueous FePt solution was mixed with the above aqueous TEOS solution. The FePt-silica superlattice films were formed by spin casting at 1500 rpm or drop casting onto silicon substrate. The volume ratio between aqueous FePt solution and TEOS solution can be varied to change the FePt loading in the silica films.
Characterization
The as-prepared FePt-silica films were annealed in a 4 × 10 −6 Torr vacuum at 650
• C for 1 h. The as-prepared and annealed FePt-silica films were scraped from the silicon substrate with a blade, dispersed into ethanol solution and drop-coated onto carbon-coated 200 mesh copper grids. The FePt-silica film microstructure was examined by using a Philips CM 12 transmission electron microscope (TEM). A SCINTAG/PAD-V x-ray diffractometer with Cu Kα radiation was used to characterize the assembly order of FePtsilica films and the FePt phase transformation after heating. In the latter case, drop-coated thick FePt-silica samples were used. The magnetic properties were characterized at room temperature, in a Lake Shore 7400 vibrating sample magnetometer (VSM) instrument using applied magnetic fields up to 2 T.
Result and discussion
The as-prepared ∼5 nm diameter FePt nanoparticles (see figure 1 ) have a narrow size distribution with a standard deviation of less than ±10%. The interparticle spacing is ∼4-5 nm, maintained by the capping agents oleic acid and oleyl amine (see figure 1(a) ), consistent with previous reports [1, 2] . Selected area electron diffraction patterns from the as-prepared FePt nanoparticles (see figure 1(b) ) reveal a disordered fcc structure. Coating the FePt nanoparticles with CTAB-the second surfactant layer-renders the particles water soluble, but does not produce any detectable change in the interparticle distance (see figure 1(c) ). The domain size of the nanoparticle assembly is small, e.g. 30-100 nm, probably due to fast solvent removal (e.g., <60 min), and could be improved through the use of Langmuir-Blodgett methods [23, 24] and decreasing the solvent evaporation rate [16] .
We mixed the hydrophilic nanoparticles with an aqueous solution of hydrolyzed TEOS in order to embed FePt nanoparticles into a silica thin film (see figure 2) . The FePt nanoparticles are uniformly dispersed in the silica matrix, and do not form clusters. The microstructure of the FePt-silica
100 nm 100 nm films is sensitive to the FePt:TEOS ratio X FT . Films with a low loading of FePt nanoparticles, e.g. X FT = 1:15 show a low degree of assembly order (see figures 2(a) and (b)), which is manifest as a diffuse ring in the Fourier transform of the image. Increasing X FT to 1:5 leads to formation of 3D close-packed particle assembly in SiO 2 film (e.g., see figures 2(c) and (d)). Fourier transform patterns from films with X FT = 1:5 exhibit spot patterns with six-fold symmetry. The pattern contrast is weak, probably due to the small assembly domain size, which can presumably be improved by adjusting the solidification time.
Annealing the FePt-silica films at 650
• C in vacuum transforms the nanoparticles to the chemically partially ordered fct phase that yields high coercivity, without obvious particle coalescence (see figure 3) . We attribute the retention of the particle shape and size at such high temperatures (at which uncapped FePt particles are known to coalesce) [27] to curtailed atomic transport resulting from particle encapsulation by the silica host matrix. The FePt nanoparticles transform from a disordered fcc structure to the partially ordered fct phase, as testified by the emergence of the (001) and (110) electron diffraction spots (see figure 3(c) ).
Low-angle x-ray diffractograms from FePt-silica films with a high FePt loading of X FT = 1:5 show two sets of Bragg reflections: weak broad peaks at 2θ = 1.30
• and 2.15
• and two strong sharp peaks at 2θ = 3.41
• -6.82
• (see figure 3(d) ).
The narrow diffraction peaks are attributed to the formation of ordered pores in the silica films [20] due to excess surfactant. Assuming a two-dimensional hexagonal pore structure [25] , the sharp reflections can be indexed as (100) and (200), respectively, with d 100 = 2.61 nm. The broad peaks arise from the short-range positional order of the FePt nanoparticles in the silica matrix, and can be indexed as (111) and (220), respectively. Assuming a close-packed fcc structure [20, 26] , the lattice parameter of the nanoparticle assembly is 11.7 nm. Silica films with a low FePt nanoparticle loading, e.g. X FT = 1:15, show only the sharp peaks (see figure 3(e) ). The diffuse peaks are absent, consistent with the lack of short-range order. Annealing at 650
• C disrupts the mesoporous silica phase in both types of sample, as indicated by the disappearance of the strong narrow peaks. However, the retention of the broad peaks at 2θ = 1
• -2.5
• (see figure 3(d) ) indicates that short-range positional order of the FePt nanoparticles in the silica matrix can be preserved after annealing, which is consistent with our TEM results.
The XRD diffractogram of as-prepared FePt-SiO 2 films shows the chemically disordered fcc structure of FePt, as shown in figure 4(a) . The FePt nanoparticles transformed into partially ordered fct phase after annealing at 650
• C, as indicated by the emergence of (001), (110) and (201) Bragg peaks in the high-angle x-ray diffractograms. The maximum ordering parameter is S = 0.78, as estimated from the integral intensity ratio between (110) and (111) reflections [28] . Prior to annealing the thin film composite is superparamagnetic, with H c ∼ 0 mT, as expected. The fcc → fct transformation in the nanoparticles increases H c to 630 mT (see figure 4(b) ), which is also consistent with the partial fct ordering indicated by the XRD results.
Conclusion
In summary, we demonstrate the incorporation of a FePt nanoparticle assembly into silica to form FePt-silica thin films. The short-range positional order of the FePt nanoparticles can be preserved upon annealing at 650
• C while the room-temperature H c increases to ∼630 mT. Achieving such high-coercivity FePt-silica thin films provides a new potential approach to be further developed for realizing FePt nanoparticle patterned media for data storage applications.
